Marek's disease (MD) is a neoplastic and neuropathic disease in chickens that was first reported by Joszef Marek over a century ago[@b1]. Marek's disease virus (MDV) strains have three serotypes: serotype 1 (MDV1) includes all the pathogenic strains and the attenuated strains of these viruses; serotype 2 (MDV2) includes naturally non-pathogenic strains; and serotype 3 (MDV3) is represented by turkey herpes virus (HVT)[@b2]. MDV1 remains the only neoplastic disease for which an effective vaccine has been used successfully and widely[@b3]. MDV has a large genome which consists of a unique long (UL) region and a unique short (US) region, both flanked with repeat sequences. The MDV genome has several regions that are nonessential for viral replication and therefore, suitable for the insertion of foreign genes, rendering the MDV1 vaccine strains a desirable live virus vector for expressing foreign genes[@b4][@b5][@b6][@b7].

Infectious bursal disease (IBD) is an acute contagious immunosuppressive disease of young chickens caused by infectious bursal disease virus (IBDV)[@b8]. Since the discovery of the classic strains during the first outbreak of IBD in 1957, antigenic variants and very virulent IBDV (vvIBDV) strains have emerged[@b9][@b10], which represented new challenges for effective prevention of IBD. Since IBDV causes disease in young chickens, early immunization is important for the prevention of the viral infection. However, with the high levels of circulating maternal antibodies, the immunity of attenuated live vaccines of IBDV can be easily inhibited[@b11]. To overcome the maternal antibodies, medium virulent vaccines of IBDV were used, which induced better protection than the attenuated vaccines, however, at a cost of inducing bursal damage and the failure of immunity of other poultry vaccines[@b12]. In addition, the virulence of live vaccines could be increased after passages in chickens[@b13]. Therefore, it is necessary to develop safer and more efficacious vaccines to prevent vvIBDV infection. The strictly ordered part of the IBDV capsid is made exclusively by VP2[@b14], which is the major protective antigen of IBDV and contains the epitopes that are responsible for eliciting neutralizing antibodies[@b15]. Considering its lower susceptibility to maternal antibodies and good safety, recombinant MDV1 vaccines expressing VP2 would be more desirable than the conventional IBDV live vaccines.

In the early 1970s, HVT vaccine was firstly introduced in the field for the control of MD[@b3]. After a decade of use, very virulent MDV (vvMDV) strains emerged and began to break through the HVT protection, prompting the introduction of a more effective bivalent vaccine that consisted of the MDV2 SB-1 strain plus HVT[@b16]. However, by the early 1990s, very virulent plus MDV (vv+MDV) strains began to emerge and overcome protection provided by bivalent vaccines[@b16]. Currently, MD control was achieved by using the attenuated MDV1 vaccines such as CVI988 which are proving to be probably the only effective vaccine against some of currently prevalent vv and vv+MDV strains. The attenuated MDV1 strain, 814, was introduced in China since 1980s; this strain has been widely used in China as an important live vaccine for the prevention of high virulent MDV infection with a proven record of efficacy and safety[@b17][@b18][@b19]. Here, we demonstrate a system for generating the 814 strain by transfecting overlapping fosmid DNAs. Using this system, the IBDV VP2 gene was inserted at different sites in MDV1 genome. The recombinant virus r814US2VP2 containing VP2 gene at US2 site confers full protection against vvMDV and vvIBDV infection in chickens. These results advance the development of efficient recombinant MDV vaccines and rapid manipulation of the viral genome for basic research.

Results
=======

Construction of an overlapping fosmid system for MDV reconstitution
-------------------------------------------------------------------

The intact MDV genomic DNA (\~170 kb) was purified from cells infected with strain 814 ([Fig. S1A](#S1){ref-type="supplementary-material"}). After the genomic DNA was sheared and end-repaired, 36\~48 kb fragments were purified from the agarose gels. These fragments were inserted into fosmid vector pCC1FOS, generating an MDV fosmid library. The size of each DNA fragment was approximately 40 kb, based on results of a NotI digestion of the recombinant fosmids ([Fig. S1B](#S1){ref-type="supplementary-material"}). After end sequencing, 24 fosmids with MDV genomic DNA insertions were selected for virus rescue; the size and location of these DNA fragments in the 814 genome are shown in [Table S1](#S1){ref-type="supplementary-material"}. For virus rescue, 10 sets of fosmid clones, each of which consisted of five- or six-fosmid combinations covering the entire MDV genome, were transfected into primary CEFs ([Table S1](#S1){ref-type="supplementary-material"}). After five days of transfection, all of the 10 sets of fosmid combination-transfected cells exhibited MDV1 typical cytopathic effects (CPE). The transfection of set 2 resulted in the highest percent of plaques, therefore, this combination was used in further studies; virus rescued from this set was designated rMDV.

Characterization of the rescued parental MDV vaccine virus
----------------------------------------------------------

The rescued parental vaccine virus rMDV was characterized and compared with the wild-type virus. The rescued virus yielded plaques similar to those resulting from the wild-type virus ([Fig. 1A](#f1){ref-type="fig"}), and generated in the nucleus multiple naked virions indistinguishable in size and shape from those of wild-type virus ([Fig. 1B](#f1){ref-type="fig"}). Pulsed field gel electrophoresis analysis of the rescued and wild-type vaccine virus DNA digested with HindIII showed similar restriction patterns, indicating no rearrangement in the rescued viral DNA ([Fig. 1C](#f1){ref-type="fig"}). *In vitro* characterization of rMDV also showed that the growth properties of this rescued virus were similar to those of the wild-type vaccine virus ([Fig. 1D](#f1){ref-type="fig"}). These results indicate that we successfully rescued the MDV1 vaccine strain 814 using overlapping fosmid DNAs, and that the rescued viruses had a genotype and replication phenotype similar to those of wild-type virus.

Generation of recombinant MDV containing IBDV VP2 gene
------------------------------------------------------

We next inserted the VP2 gene of vvIBDV strain HLJ0504 into the UL41, US10 and US2 sites in the MDV1 vaccine genome for the construction of recombinant vaccines against IBDV. We firstly constructed a VP2-expressing cassette by cloning the VP2 gene under the control of the Pec promoter, and then subcloned the cassette into an entry vector with the attL1 and attL2 sequences. Finally, the VP2 expressing cassette was inserted into the above sites in the modified fosmids by LR reaction. The resultant fosmids containing *VP2*, 14-UL41VP2, 103-US10VP2, and 103-US2VP2 ([Fig. 2B--D](#f2){ref-type="fig"}), were co-transfected with the other four parental fosmids for virus rescue. The MDV1-typical plaques observed in the CEFs and the virions detected in the electron microscopy analysis indicated that recombinant MDVs expressing *VP2* were rescued successfully ([Fig. S2](#S1){ref-type="supplementary-material"}).

Biological characterization of the recombinant MDV expressing VP2
-----------------------------------------------------------------

*VP2* expression by the recombinant MDVs was confirmed by the presence of green fluorescent signal in the infected cells, as detected by immunofluorescence ([Fig. 3A](#f3){ref-type="fig"}). Western blot analysis of rMDV-VP2-infected CEF lysate with anti-VP2 MAbs indicated that the molecular mass of the expressed VP2 was about 50 kDa ([Fig. 3B](#f3){ref-type="fig"}). In both the immunofluorescence assay (IFA) and western blotting, r814UL41VP2 exhibited the strongest signal, followed by r814US2VP2; r814US10VP2 showed the weakest signal. VP2 expression was further quantified by fluorescence-activated cell-sorting (FACS); the results revealed that r814UL41VP2 produced the highest fluorescent value and r814US10VP2 showed the lowest value, while r814US2VP2 produced VP2 at a medium level ([Fig. 3C](#f3){ref-type="fig"}). Negative-stain electron microscopy detected approximately 23 nm subviral IBDV particles in cells infected with r814UL41VP2 or r814US2VP2, but not in cells infected with r814US10VP2 or parental MDV ([Fig. 3D](#f3){ref-type="fig"}).

PCR amplification and sequencing of *VP2* inserted in the recombinant MDVs passaged 20 times in CEFs confirmed that the recombinant MDVs had good genetic stability ([Fig. 3E](#f3){ref-type="fig"}). VP2 expression from the serially passaged viruses was also confirmed by IFA with anti-VP2 MAbs ([Fig. 3F](#f3){ref-type="fig"}). Further analysis demonstrated that the growth kinetics and magnitude of the recombinant MDVs expressing *VP2* were very similar to those of the parental virus ([Fig. 3G](#f3){ref-type="fig"}), indicating that *VP2* insertion in the MDV genome did not affect the replication of the MDV vaccine strain.

Antibody responses against IBDV induced by recombinant MDVs in chickens
-----------------------------------------------------------------------

We next tested the antibody responses against IBDV in specific-pathogen-free (SPF) chickens immunized with the recombinant vaccines. As shown in [Fig. 4A](#f4){ref-type="fig"}, r814UL41VP2 and r814US2VP2 induced detectable enzyme-linked immunosorbent assay (ELISA) antibodies against IBDV from 3 weeks post vaccination (w.p.v), and the antibody titres induced by these two viruses before challenge at 4 w.p.v were comparable (*P* \> 0.05). By comparison, r814US10VP2 induced detectable antibodies after 4 w.p.v, and the antibody levels were lower than those induced by r814UL41VP2 and r814US2VP2 (*P* \< 0.05). Neutralizing antibodies against IBDV induced by the recombinant vaccines were detected at 4 w.p.v ([Fig. 4B](#f4){ref-type="fig"}). The results showed that r814UL41VP2 and r814US2VP2 induced neutralising antibodies at comparable levels (336 and 378, respectively), which were significantly higher than that induced by r814US10VP2 (*P* \< 0.05). As expected, chickens immunized with the parental virus rMDV did not induce any detectable antibodies against IBDV during the experiment.

Protective efficacy against lethal vvIBDV challenge in chickens
---------------------------------------------------------------

To evaluate the protective efficacy of the recombinant viruses expressing VP2 against IBDV, vaccinated chickens were challenged with vvIBDV HLJ0504 at 4 w.p.v. All the chickens vaccinated with r814UL41VP2 and r814US2VP2 were free of clinical signs and mortality after the challenge ([Fig. 5A](#f5){ref-type="fig"} and B). In contrast, all the chickens vaccinated with r814US10VP2 showed clinical signs of IBD, and died after challenge. Chickens immunized with the parental virus were fully susceptible to the IBDV challenge, showing either high mortality (87%) or severe clinical signs (100%), whereas the healthy control group did not exhibit these signs.

The bursa samples were collected after the observation period, and the bursa: body weight index (BBIX) and histopathological bursal lesion score (HBLS) were calculated in order to analyse the extent of bursal atrophy and histopathological lesions. As shown in [Fig. 5C](#f5){ref-type="fig"} and D, all the chickens vaccinated with r814US2VP2 showed a BBIX value higher than 0.7 and a HBLS value no more than one, indicating that no bursa had atrophy or gross lesions in this group. Among the 15 surviving chickens in the r814UL41VP2 group, two chickens exhibited bursal atrophy with a BBIX value lower than 0.7, and these two chickens also showed mild bursal lesions (HBLS 2 and 3). The two surviving chickens in the rMDV group had severe bursal atrophy (BBIX 0.21 and 0.16) and gross lesions (HBLS 5), while no bursal atrophy and lesions were observed in the healthy controls (0/10). Together the results of mortality, clinical signs and bursal lesions, vaccination with r814UL41VP2, r814US10VP2, and r814US2VP2 conferred 87% (13/15), 0% (0/15), and 100% (15/15) protection against the lethal vvIBDV challenge.

Protective efficacy against lethal vvMDV challenge in chickens
--------------------------------------------------------------

To determine if the insertion of *VP2* influenced the immunogenicity of the parental vaccine virus, chickens vaccinated with the recombinant MDVs as well as the parental vaccine virus were challenged with the vvMDV Md5 strain 7 days after inoculation and examined for another 12 weeks. After challenge, 85% (17/20) of the chickens in the unvaccinated challenge control group died of MD, and the remaining 3 chickens had histopathological MD lesions at the necropsy. The chickens vaccinated with the recombinant MDVs and the parental vaccine virus did not show clinical signs and had no gross or histopathological tumors, indicating that the recombinant MDVs conferred full protection to chickens against vvMDV infection.

Discussion
==========

The development of recombinant vaccines has been one of the most well studied aspects of molecular virology. MDV vaccine strain is a highly desirable live virus vector for expressing foreign antigen genes from other infectious viruses. In practice, only MDV vaccines can be inoculated into day-old field chicks that have high titres of maternal antibodies, because the virus is transmitted cell to cell and is less susceptible to maternal antibodies than some other virus vaccines[@b3]. Moreover, the MDV vaccines can induce lifetime immunity in chickens with just one vaccination[@b7]. In the previous studies, recombinant HVT and MDV1 vaccines expressing antigen genes from several poultry viruses such as avian influenza virus[@b7][@b20], Newcastle disease virus[@b4][@b21], infectious bronchitis virus[@b6] and IBDV[@b5][@b22], have been developed. However, with the emergence of vv and vv+MDV strains, HVT could no longer provide efficient protection against high virulent MDV infection[@b23][@b24][@b25]. By comparison, attenuated MDV1 vaccines could induce more effective protection against the prevalent vv and vv+MDV strains, probably due to closer antigenic similarity with the oncogenic strains[@b3][@b16]. From this point of view, attenuated MDV1 strains are more desirable than HVT as a viral vector for the development of bivalent recombinant vaccines against vvMDV infection and other poultry diseases.

In this study, three sites in the MDV1 vaccine genome were compared for the expression of *VP2*. The results revealed that the VP2 expression level from US2 was significantly higher than that from US10. These results are consistent with those of a previous study, which demonstrated that the *HA* gene from avian influenza virus exhibited a higher expression level from US2 than from US10 in recombinant MDV[@b7]. Although several nonessential genes for viral growth have been identified in MDV1 UL area, there are no reports of recombinant MDV1 containing foreign antigen genes in this area. In the present study, the VP2 gene was inserted into the UL41 gene without influencing the viral growth. The VP2 expression level from UL41 was shown to be significantly higher than those from the US2 and US10 sites. By electron microscopy analysis, the subviral IBDV particles (SVPs) formed by VP2 were detected in the cells infected with r814UL41VP2 or r814US2VP2, but not in cells inoculated with r814US10VP2, indicating that large amount of VP2 is necessary for the SVPs formation in cells.

Animal experiments indicated that the protective efficacy of the recombinant vaccines is influenced by the insertion site notably. The antibody responses induced by r814UL41VP2 and r814US2VP2 were comparable, and were significantly higher than that induced by r814US10VP2. After challenge, r814US10VP2 did not provide any protection against mortality. The r814UL41VP2 fully protected against clinical symptoms and mortality, but conferred partial protection against bursal atrophy and lesions. In contrast, r814US2VP2 provided full protection, not only against the development of clinical signs and mortality, but also against bursal damage. The ineffective protection induced by r814US10VP2 could be due to the low expression of VP2, which was not sufficient for inducing a protective immune response against IBDV. However, why r814UL41VP2, which expressed VP2 at the highest level and replicated similarly *in vitro* with the parental virus, induced a lower level of protection than r814US2VP2, needs to be further studied. The results suggested that the antigen expression level was not the only factor that influences the protective efficacy of recombinant MDV vaccines, and other parameters, mainly the replication process of the virus *in vivo*, should be taken into consideration. With regard to developing a recombinant MDV1 vaccine against IBDV, the US2 site, which expressed foreign genes at a medium level, might be better than the high-expression UL41 site and the low-expression US10 site. Whether this is the case for generating recombinant MDV1 expressing other antigens needs to be determined, since the antigen characteristics and protective immunity are different among viruses.

Considering the uniquely advantageous characteristics of the attenuated MDV1 vector in the construction of recombinant vaccines against IBDV and its efficacious protection against high virulent MDV, many MDV1-vectored recombinant vaccines expressing the VP2 gene of IBDV have been constructed and evaluated during the last two decades[@b5][@b26]. However, attempts to elicit complete protection against vvIBDV infection in chickens using recombinant MDV1 vaccines have not been successful. Previously reported recombinant viruses expressing VP2 could hardly protect against bursal lesions when challenged with vvIBDV, although they protected chickens against mortality. Tsukamoto *et al*. produced a recombinant MDV1 virus expressing VP2 using the CVI988 vaccine strain as the vector; this recombinant CVI988 protected chickens against vvIBDV-induced clinical signs and mortality, but only 55% chickens were protected against bursal lesions[@b5]. Zhou *et al*. developed a recombinant CVI988 vaccine expressing IBDV VP2, which conferred 73% protection against vvIBDV challenge in SPF chickens and 87% protection in commercial chickens, even with a high vaccination dose of 10^4^ PFU per chicken[@b26]. In our study, we constructed a recombinant MDV1 expressing IBDV VP2 using a Chinese MDV1 vaccine strain, 814, as the viral vector. By cloning the VP2 gene under control of a strong promoter and inserting the VP2 cassette into the US2 gene, the r814US2VP2 vaccine fully protected chickens not only against developing clinical signs and mortality but also against the formation of bursal lesions when challenged with vvIBDV. The virulence of the HLJ0504 strain we used in the challenge experiment was previously shown to be notably higher than that of the European reference vvIBDV strains[@b27]. After challenged with HLJ0504, 87% chickens died in the unvaccinated challenge group; the mortality was higher than that reported in the previous studies[@b5][@b26], indicating a higher pathogenic vvIBDV strain might be used here. Tsukamoto *et al*. constructed a recombinant HVT vaccine expressing VP2, which was shown to be capable of inducing complete protection against lethal IBDV challenge[@b22]. However, HVT vector is inferior to the attenuated MDV1 vaccine strains considering its limited protection against the prevalent high virulent MDV strains[@b23][@b24][@b25]. Since the attenuated MDV1 vaccine strain 814 was used here as the vector expressing VP2, the r814US2VP2 also exhibits full protection against vvMDV lethal challenge. The results indicate that a more efficacious MDV1-vectored bivalent vaccine against both vvMDV and vvIBDV infection in chickens was constructed in this study.

Over the last two decades, much attention has been paid to MDV-vectored vaccines[@b4][@b5][@b6][@b7]. However, recombinant MDVs have been constructed exclusively using traditional homologous recombination[@b24] or the bacterial artificial chromosome (BAC) system[@b28][@b29]. These methods require either several rounds of plaque purification or the time-consuming excision of the BAC sequence[@b30][@b31]. In a methodological improvement, Reddy *et al*. developed a cosmid-based system for the rescue of vvMDV Md5 strain[@b32]. However, the cosmid system has not been used to construct recombinant MDV vaccines; only the generation of Md5 has been reported. The unwieldiness of the cosmid system may be due to the instability of the cosmid clones containing large DNA inserts during routine maintenance and propagation[@b33]. To overcome the above limitations, fosmid, which is derived from the bacterial F episome and is present in single or low copy number per cell, was introduced as a substitute for the conventional cosmid in genome library construction for its better stability and inducible copy number[@b33]. The fosmid technology was also used in the construction of recombinant duck enteritis virus expressing the HA gene of avian influenza virus with high efficiency[@b34]. Here, the complete genome of MDV 814 strain was cloned as overlapping fosmid DNAs, and the rescued virus was proven infectious with good immunogenicity. We next modified the fosmids by inserting a dual selection marker flanked by the attR1 and attR2 sequences into three different sites in MDV genome, and constructed a versatile entry vector with a multiple clone sequence flanked by the attL1 and attL2 sequences. With this system, we could generate the recombinant MDVs within two weeks after transfection without the need for repeated rounds of plaque purification and introduction of marker genes. Hence, this system is more efficient than the traditional methods. This technology is highly valuable for constructing recombinant MDVs against viruses that easily undergo antigenic drift, as vaccine update would be easier and more feasible.

With the effective protection, the r814US2VP2 vaccine represents a promising bivalent vaccine against vvIBDV and vvMDV, two lethal and immunosuppressive pathogens. Further studies are worthwhile to be conducted before its ready to use in the field farms such as the required vaccination dose, the required level of immune against IBDV and the protective efficacy in commercial chickens with maternal antibodies. Furthermore, the establishment of an efficient fosmid rescue system for generating recombinant MDVs should facilitate the analyses of MDV functional genes and vaccine-induced protective immunity against the neoplastic disease.

Material and Methods
====================

Ethics Statement
----------------

All animal experiments were approved by the ethical review board of Harbin Veterinary Research Institute (HVRI) of the Chinese Academy of Agricultural Sciences (CAAS) and performed in accordance with approved animal care guidelines and protocols. The animal Ethics Committee approval number is SYXK (Heilongjiang) 2011022.

Viruses and cells
-----------------

MDV1 vaccine strain 814[@b18] was used as the parent virus for producing recombinant MDVs. The vvMDV Md5[@b35] and vvIBDV HLJ0504[@b27] strains were used as challenge viruses. MDVs were propagated in CEFs prepared from 10-day-old specific-pathogen-free (SPF) chicken embryos.

Construction of the MDV fosmid library
--------------------------------------

MDV strain 814 was propagated in CEFs until 80--90% CPE was obtained. The viral DNA was purified from infected cells using hypotonic lysis to release virus particles followed by micrococcal nuclease treatment to degrade cellular DNA[@b36]. An MDV fosmid library was constructed using the Copy Control Fosmid Library Production Kit (Epicentre). The viral DNA was sheared into 25\~50 kb fragments. After blunt treatment and phosphorylation of the ends, the viral DNA was selected for 36--48 kb fragments with pulsed field gel electrophoresis (PFGE, Bio-Rad). The collected fragments were subsequently inserted into the cloning-ready fosmid vector pCC1FOS. The recombinant fosmids were packaged using MaxPlax Lambda Packaging Extracts and plated on EPI300-T1 plating cells (Epicentre). The presence of the DNA fragment inserts in these fosmids was confirmed by end sequencing with a pair of specific primers (5′-GGA TGT GCT GCA AGG CGA TTA AGT TGG-3′ and 5′-CTC GTA TGT TGT GTG GAA TTG TGA GC-3′).

Construction of recombinant fosmids containing VP2 gene
-------------------------------------------------------

Five fosmids (195, 214, 14, 96, and 103), which contain sequences spanning the entire genome of MDV1 strain 814, were selected for rescuing the parental virus ([Fig. 2A](#f2){ref-type="fig"}). To facilitate the insertion of foreign genes into MDV genome, the fosmids were modified by inserting a dual selected maker open reading frame encoding the kanamycin resistance (*KanR*) gene and the toxin *ccdB* gene, flanked by the attR1 and attR2 sequences, into the MDV genome at the UL41, US10 and US2 sites. The *KanR* and ccdB-attR2 sequences were amplified from pMOD6 and pDEST22 plasmid. The aatR1-KanR-ccdB-aatR2 cassette was then combined by overlapping PCR, and 50 nucleotides matching the sequences of different areas of UL41, US10, and US2 of the 814 strain genome were introduced into the two ends of the cassette. The resultant cassettes with homology arms were inserted into 14 and 103 with Counter-Selection BAC modification kit (Gene Bridges). To simplify the insertion of foreign genes into MDV genome, a versatile entry vector pENTR-mcs was constructed by replacing the *gus* gene flanked by attL1 and attL2 in the plasmid pENTR-gus (Invitrogen) with a multiple cloning sequence.

For *VP2* expression, *VP2* from the vvIBDV strain HLJ0504 was cloned into pCAGGS plasmid to form the VP2-expressing cassette. The VP2 cassette was then inserted into pENTR-mcs. To insert the VP2 cassette into the desired sites in MDV1 genome, pENTR-VP2 was mixed with the modified fosmids and treated with LR Clonase II enzyme (Invitrogen). The mixtures were transformed into *Escherichia coli* EPI300-T1 cells.

Rescue and characterization of the recombinant MDVs
---------------------------------------------------

The five fosmids with or without VP2 insertions that covered the entire MDV genome were used for virus rescue. Viral DNA inserts were released from purified fosmids by digestion with NotI and purified before transfection. Two micrograms of each fosmid DNA were used to transfect primary CEFs in 60-mm dishes by using the calcium phosphate procedure[@b37]. The cytopathic effects (CPE)-positive samples were harvested and characterized by electron microscopy. To verify that the VP2 gene was inserted at the desired sites, viral genomic DNAs were isolated and analysed by PCR and sequencing.

Characterization of rescued MDVs
--------------------------------

CEF cells infected with parental or recombinant MDVs were first characterized with electron microscopy after CPE appeared. Genomic DNA was extracted from the infected cells and digested with HindIII for pulsed-field gel electrophoresis analyses. To verify that the VP2 gene was inserted into MDV genome at the desired site, genomic DNA was isolated from the rescued viruses and analyzed by PCR with the forward primer specific to VP2 and the reverse primer matching US2. The PCR products were purified and sequenced.

Confirmation of VP2 gene expression
-----------------------------------

The expression of VP2 from the recombinant MDVs was confirmed by IFA and western blotting with anti-VP2 MAb as the primary antibody and goat anti-mouse IgG conjugated with fluorescein isothiocyanate (FITC) or DyLight 800 as the secondary antibody. To compare the VP2 expression levels, CEF cells were infected with 1,000 PFU of the recombinant MDVs and maintained for 120 h before harvesting. After fixed and perforated, the cells were incubated first with mouse anti-VP2 MAb and then with FITC-conjugated goat anti-mouse IgG antibody. The mean fluorescence intensity (MFI) of VP2-positive cells (10,000 events were captured per sample) was assessed by FACS analysis (FACSAria; Becton Dickinson). To determine whether VP2 expressed by the recombinant MDV self-assembled into SVPs, negative-stain electron microscopy was performed as previously described[@b38]. Infected cell lysates were negatively stained with a 2% uranyl acetate aqueous solution, and observed using a HITACHI H-7650 electron microscope. Digital images were processed using the iTEM software (Munster, Germany).

Stability and growth properties of the rescued viruses
------------------------------------------------------

To evaluate the genetic stability of the recombinant viruses, viruses were passaged in CEFs 20 times. The inserted VP2 gene was detected by using PCR and sequencing. VP2 expression was confirmed with fluorescence assays as described above. To investigate the growth properties of the recombinant MDVs, cells cultured in 6-well plates were inoculated with 100 PFU of different viruses and harvested at different time points. The serial dilutions were inoculated onto fresh CEFs seeded on 6-well plates; plaques of the different dilutions were counted five days later.

Protection against vvIBDV challenge
-----------------------------------

To evaluate the protective efficacy of the recombinant viruses against vvIBDV, each of 15 1-day-old SPF chickens were vaccinated with 5,000 PFU of the recombinant MDVs or the parental virus, and challenged with 10^5^ EID~50~ of vvIBDV HLJ0504 at 28 days post vaccination. The clinical signs were quantified using a previously described symptomatic index[@b27]. The dead and surviving chickens were evaluated for bursal atrophy with the bursa: body-weight index (BBIX)[@b38]. Bursae with a BBIX lower than 0.70 were considered atrophied[@b39]. The bursae were further examined histopathologically and recorded using the histopathological bursal lesion score (HBLS)[@b40]. A HBLS value of no more than 1 (no or slight lesion) was defined as protected against IBDV challenge.

Serological tests
-----------------

The serum samples collected weekly were tested by ELISA (IDEXX, Westbrook, Maine). For virus neutralization (VN) assay, triplicates of serum samples were diluted serially by two-fold and mixed with equal volume of 100 TCID~50~ of cell culture-adapted HLJ0504 virus. After 60 min of incubation, the mixtures were added to CEFs followed by further incubation for 3 days. The VN titre was determined as the highest dilution at which there were no visible cytopathic effects.

Protection against vvMDV challenge
----------------------------------

Each of 20 1-day-old SPF chickens was vaccinated subcutaneously with 2,000 PFU of the recombinant MDVs, and challenged intraperitoneally 7 days later with 1,000 PFU of the vvMDV strain Md5. The chickens were examined for clinical signs and mortality for 12 weeks after the challenge. Both dead and surviving chickens were subjected to gross and histopathological observations for MD lesions in the liver, kidneys, spleen, nerves, and skin. The protection index (PI) was calculated as described previously[@b25].

Statistical analysis
--------------------

All data were presented as the mean ± standard deviation (S.D.). One-way ANOVA was employed to evaluate the statistical differences among groups using SPSS 17.0 (SPSS Inc., Chicago, IL). Statistical significance was set at *P* \< 0.05 for all tests.
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![Characterization of the rescued parental MDV vaccine virus (rMDV) and the wild-type virus (MDV).\
(**A**) The cytopathic effects induced by rMDV and MDV. Bar length, 400 μm. (**B**) Electron microscopy detection of rMDV and MDV in infected CEFs. Bar length, 200 nm. Arrows represent the MDV virions detected in the cell nucleus in infected cells. (**C**) The restriction pattern of the rMDV and MDV genomic DNA digested with HindIII. (**D**) The growth properties of rMDV and MDV in cell cultures. Data presented are the means ± standard deviations (S.D.) from three independent experiments.](srep39263-f1){#f1}

![Construction of recombinant fosmids inserted the VP2 gene of IBDV.\
**(A)** The genomic structure of MDV, and the five fosmids derived from MDV1 vaccine strain 814 used for MDV regeneration. Numbers represent the fosmid names and the location of each fosmid fragment in the genome of strain 814. **(B--D)** The schematic diagrams of recombinant fosmids inserted the VP2 gene of IBDV within the UL41 (**B**), US2 (**C**) and US10 (**D**) genes.](srep39263-f2){#f2}

![Characterization of the recombinant MDVs expressing VP2 gene.\
**(A)** Confirmation of the successful expression of VP2 by indirect immunofluorescence assay. **(B)** Detection of the expression of VP2 with western blotting. Chicken β-actin was detected as the internal control. **(C)** Comparison of VP2 expression from different viruses with FACS analysis. Results presented as the mean fluorescence intensity (MFI) of the VP2 positive cells in 10,000 events captured during the procedure. **(D)** Negative-stain electron microscopy detection of the IBDV subviral particles expressed by rMDV-VP2. Bar length, 40 nm. **(E)** PCR amplification of the VP2 gene from the recombinant viruses passaged 20 times in CEFs. **(F)** Detection of VP2 expression from the recombinant viruses passaged 20 times in CEFs with indirect immunofluorescence assay. **(G)** Comparison of the replication kinetics of the recombinant viruses. Data presented are the means ± standard deviations (S.D.) from three independent experiments. Statistical significance was set at *P* \< 0.05.](srep39263-f3){#f3}

![Antibody responses against IBDV in chickens.\
**(A)** Detection of IBDV antibody titres of immunized animals by ELISA. Sera were collected weekly and detected using a commercial IBDV Antibody test kit (IDEXX, Westbrook, Maine). **(B)** Detection of viral neutralization antibodies against IBDV in chickens after 28 days of vaccination. Data presented are the means ± standard deviations (S.D.) from 10 birds in each group. Statistical significance was set at *P* \< 0.05.](srep39263-f4){#f4}

![Protective efficacy of the recombinant vaccines against vvIBDV challenge.\
**(A)** Survival rate of chickens challenged with vvIBDV within an observation period of 10 days. **(B)** The mean symptomatic index scores for chickens after vvIBDV challenge. **(C)** The bursa: body-weight index (BBIX) values of chickens died and survived after challenge. **(D)** The histopathologic bursal lesion score (HBLS) of chickens died and survived after challenge. The dead birds were dissected at the day when they died and the surviving birds were sacrificed and analyzed after the observation period at day 10 post challenge. Data presented are the means ± standard deviations (S.D.) from 15 birds in each of the vaccinated group and 10 birds in the healthy control group. Statistical significance was set at *P* \< 0.05.](srep39263-f5){#f5}
